Erwinia Virulence Factor (Evf) has been identified in Erwinia carotovora carotovora 15 (Ecc15) as a virulence factor that promotes colonization of the Drosophila larval gut and provokes the triggering of a systemic immune response. Here we have analysed how Evf promotes persistence and colonization of bacteria inside the larval gut. Erwinia evf mutants do not persist in immune-deficient Drosophila, indicating that Evf does not act by counteracting immunity. The results indicated that Evf is not a toxin because various Gram-negative bacteria expressing evf can persist without affecting viability of Drosophila larvae. Evf did not appear to be a factor antagonizing a host-specific reaction because in vitro assays failed to reveal detoxifying enzymatic activities against various compounds thought to contribute to the hostile environment of the gut. These findings were corroborated by the observation that Evf is not required for survival in midgut organ cultures. By contrast, bacteria expressing evf allow persistence in trans of bacteria lacking evf indicating that Evf promotes the accumulation of Gram-negative bacteria in the anterior midgut by affecting gut physiology.
Introduction
In recent years, a number of genetically amenable organisms have been used as models to study host/pathogen interactions. The fruit fly Drosophila has been very useful in characterizing signalling pathways and mechanisms used by the host to prevent and combat microbial infection. The Drosophila immune response consists of both cellular and humoral responses. Expression of immune effectors is mainly under the control of two signalling pathways designated Toll and Imd (Hultmark, 2003) . The Toll pathway is predominantly activated by Gram-positive bacteria and fungi, and induces the synthesis of several peptides including the antifungal peptide drosomycin. On the other hand, the Imd pathway is activated predominantly by Gram-negative bacteria and induces the expression of different antimicrobial peptides encoding genes (e.g. diptericin). In addition, the Imd pathway controls the local expression of antimicrobial peptides in epithelia such as gut or trachea. Up to recently, most studies have involved the direct injection of microbes into the insect body cavity. In the last few years, a second approach called natural infection has been developed to mimic infections as they probably occur in nature (Basset et al., 2000) . This method consists of feeding Drosophila larvae or adults with food containing a high bacterial titre. Isolation of bacteria that elicit an immune response after ingestion might reveal strategies that are used by microbes to persist in their host, especially the initial steps of infection (Vodovar et al., 2004) .
Upon ingestion, most bacterial strains appear to be non-infectious, i.e. they do not persist in the fly and/or do not induce an immune response. Only a few microbes have been described as being able to trigger the immune response or to be pathogenic. These include Serratia marcescens (Flyg et al., 1980) , a qscR mutant of Pseudomonas aeruginosa (Chugani et al., 2001) , and Pseudomonas entomophila (Vodovar et al., 2005) . In previous studies, we have shown that several Erwinia species were able to elicit the immune response (Basset et al., 2000) . Among these, Erwinia carotovora carotovora 15 (Ecc15) is able to persist in the gut of larvae and induces both a local and systemic immune response while not killing the larvae. By using a genetic screen, we have identified two genes that were required by Ecc15 to infect Drosophila (Basset et al., 2003) . The first gene encodes a global regulator, Hor, and seemed to exert its effect by regulating the second identified gene, evf. Erwinia Virulence Factor (Evf) may play a role in gut persistence as its transfer into different enterobacteria makes them infectious for Drosophila. No homologous genes were found in other organisms and no domains with predicted activity or signature could be discerned in Evf.
Here we describe a number of experiments performed to understand how Evf allows bacteria to persist in the Drosophila larval gut. We show that Evf activity relies on the presence of Evf in the cytoplasm of Gram-negative bacteria. Our results indicate that persistence of bacteria in the gut does not involve a detoxifying activity directed against the host immune system but rather leads to a modification of insect gut physiology that is under normal circumstances, responsible for the eradication of ingested bacteria.
Results

Evf allows persistence of Gram-negative bacteria in the gut of Drosophila
In a previous study, we have shown that transfer of evf to different enterobacteria, i.e. Escherichia coli, Salmonella typhimurium and Serratia marcescens, transformed these bacteria into infectious microbes that induced a strong antibacterial response upon ingestion (Basset et al., 2003) . To further characterize the interaction of these bacteria with the fly, Drosophila larvae were fed with bacteria expressing both evf and the gene encoding green fluorescent protein (GFP), gfp. Whereas overexpression of evf in Ecc15 induced a strong lethality in Drosophila 12 h after feeding, no lethality was apparent with the three other enterobacteria. All enterobacteria were present in the gut after 6 h and no fluorescence was apparent in other tissues of the fly (Fig. 1A) . The persistence of bacteria in the gut was more precisely estimated by plating gut extracts. In the case of wild-type (wt) E. coli cells, the titre of bacteria decreased from 10 6 after 1 h to 10 4 after 9 h and 10 2 after 24 h. By contrast, the titre of E. coli cells expressing evf remained high, between 10 4 and 10 5 after 9 or 24 h (Fig. 1B) . This level is similar to that obtained with Ecc15 overexpressing evf (Basset et al., 2003) .
The same experiment was performed with various Pseudomonas species, Gram-negative bacteria that are more distantly related to enterobacteria. In the absence of evf, Pseudomonas species such as P. aeruginosa PAO1 or Pseudomonas putida KT2440 did not persist and did not induce an immune response as previously described (Vodovar et al., 2005) . P. aeruginosa PAO1 (Fig. 1A) and P. putida KT2440 (data not shown) expressing evf persisted in the gut, induced a strong antibacterial response and provoked lethality after 12 h (data not shown).
The ability of Evf to confer infectivity was tested for different Gram-positive bacteria. evf was placed under the control of the promoter P SPAC and inserted in the plasmid pDG148 expressing gfp (see Experimental procedures). This recombinant plasmid was transformed in Bacillus megaterium, Bacillus subtilis and Streptococcus faecalis. In all cases, whereas fluorescence was apparent in the gut upon ingestion, no fluorescence remained visible after 6 h and no Toll-dependent or Imd-dependent immune responses were detected (data not shown). Fig. 1 . Effect of Evf on the persistence of Gram-negative bacteria in the gut. A. Wild-type (OrR) larvae were naturally infected with various bacteria expressing a GFP reporter gene. (a) Ecc15 carrying pOM1-GFP, (b) Ecc15 evf mutant carrying pOM1-GFP, (c) Ecc15 evf mutant carrying pOM1-evf-GFP, (d) S. typhimurium pOM1-evf-GFP, (e) E. coli pOM1-evf-GFP, (f) P. aeruginosa PAO1 carrying pX2-evf-GFP and (g) P. aeruginosa carrying pX2-gfp. Pictures were taken 6 h after infection. B. Bacterial persistence was measured in wt larvae. Bacterial counts were obtained by plating, on LB medium containing spectinomycin (100 mg ml -1 ), the larval homogenates of five surface-sterilized larvae that were naturally infected with E. coli carrying pOM1 and E. coli carrying pOM1-evf. The number of colony forming units (cfu) per larva obtained at each point after infection represents the mean of three independent measurements.
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Whereas the bacterial entomopathogen P. entomophila is able to infect Drosophila but also additional species belonging to different insect orders (Vodovar et al., 2005) , the host range of other entomopathogens such as Bacillus thuringiensis is more restricted (de Maagd et al., 2001) . To determine the host range against which Evf can confer infectious properties, larvae of various Drosophila species (D. virilis, D. busckii, D. bifascata, D. simulans) and of two lepidopteran species (Bombyx mori and Galleria mellonella) were infected by Ecc15 carrying a pOM1-evf plasmid. Ecc15 expressing evf were able to persist in all of the tested Drosophila species and lethality was apparent after 12 h. By contrast, these bacteria were not able to persist in either Bombyx or Galleria (data not shown). Collectively, our data indicate that evf is a specific Gram-negative virulence factor that promotes colonization to a restricted niche, the gut of Drosophila larvae.
Regulation of synthesis and localization of Evf
We have previously shown that evf expression requires Hor (Basset et al., 2003) , a general regulator of virulence in various enterobacteria (Thomson et al., 1997) . However, no canonical promoter sequence could be identified in the upstream region of evf. In order to determine the extent of sequences required for evf expression, we fused different fragments of various length from that region (0, 150 and 300 nucleotides) to the lacZ gene ( Fig. 2A) . The activity of these constructs was tested in different genetic backgrounds, i.e. in wt Ecc15, in hor mutants and in an E. coli derivative with lacZ deleted. In the control with no fragment inserted upstream of lacZ, no b-gal activity was detected in Ecc15. While the construct carrying the region extending up to 150 bp gave rise to a low level of b-gal activity, constructs carrying the region extending up to 300 bp upstream of evf promoted the highest amount of b-gal activity. This activity was lost in a hor mutant indicating that the 300-bp-long region upstream of the evf coding sequence contains the information for promoter activity and sites required for Hor regulation. In E. coli cells that do not possess the hor gene, the level of b-gal activity was similar to that obtained with the hor mutant revealing a low Horindependent promoter activity. As pOM1 derivatives are present at about 10 copies per cell, these results indicate that in Ecc15, the wt level of Evf corresponds to a level of about 60 units (u) of b-gal in the exponential growth phase (Fig. 2B ) and reached 120 u in the stationary growth phase (data not shown). By extrapolation from results obtained in E. coli (Deng et al., 2004) , these data indicate a steady state abundance of about three copies of RNA per DNA molecule in wt Ecc15. From the level obtained in stationary phase in the hor mutant carrying the construct with the 300-bp-long region upstream of the evf coding sequence (400 u, data not shown), we can deduce that a level of 40 u is synthesized from the chromosomal copy of evf in the hor mutant. As this mutant is not infectious, the minimal expression level required for infection should be greater than 40 u and less or equal to 120 u (the level calculated from a single copy in Ecc15 in stationary phase).
Evf activity could not be predicted from its primary sequence. A clue to the Evf action leading to bacterial persistence was the identification of its subcellular localization in the cell. Interestingly, Evf contains a putative transmembrane domain (residues 128-148) predicted to target the C-terminal domain of the protein to the periplasm and the N-terminal domain to the cytoplasm. To verify the predicted localization, we constructed two classes of gene fusions (Fig. 3) ; one class fuses various parts of evf to lacZ, the other one various parts of evf to phoA encoding phosphatase alkaline. b-Gal activity should be detected if Evf is present in the cytoplasm whereas no activity should be found if Evf is associated with the membrane or targeted to the periplasm. By contrast, PhoA activity would indicate a periplasmic localization of the fusion (Manoil, 2000) . evf-lacZ fusions all gave rise to b-gal activity regardless the site of fusion in evf (Fig. 3C) . Conversely, no PhoA activity was detected with the different fusions. A control malE-phoA fusion containing the signal for periplasm localization of MalE gave rise to PhoA activity (Fig. 3D) . Altogether, the genetic approach predicted that Evf is synthesized in the cytoplasm and no association with the periplasm was found. This result was further confirmed by Western blot analyses using protein extracts from different subcellular compartments and antibodies directed against Evf (data not shown).
Is Evf sufficient to confer infectivity to Gram-negative bacteria?
The ability of evf to confer infectivity to different, normally non-persistent, Gram-negative bacteria such as Pseudomonas or Erwinia species suggested at least two alternative modes of action. First we could imagine that Evf indirectly protects bacteria in the gut of larvae by modifying some metabolic pathways or by activating a transcriptional network that renders the bacterial cells refractory to elimination by the host immune system or other harmful molecules in the gut. Alternatively Evf could exert its action autonomously by modifying directly a host effector participating in bacterial clearance. If the first hypothesis is true, we would expect that several E. coli genes are involved in this metabolic pathway and we should be able to isolate E. coli mutants expressing evf that are unable to infect Drosophila larvae. To this end, we constructed an E. coli strain carrying a single evf-lacZ operon cloned downstream of the P R promoter integrated in the chromosome (see Experimental procedures). The rationale behind the insertion of lacZ downstream of evf was to directly identify mutants resulting from Tn10 transposition in evf. Three thousand E. coli variants were generated using pNKBOR, a mini-Tn10 derivative (see Experimental procedures). These 3000 variants were individually tested in Drosophila larvae for the inability to induce a Diptericin-gfp fusion, a read-out that correlates with the capacity to infect the host. Among the 3000 variants, two non-infectious variants were identified, which were deficient for b-gal activity, i.e. NKBOR affected directly evf. All remaining 2998 lac+ variants were infectious. We concluded from this experiment that genes belonging to a pathway putatively affected by Evf could not be identified using this approach. To directly identify genes whose expression might be modified by the presence of Evf, we compared the transcriptome of E. coli cells expressing evf and that of wt E. coli cells. No specific and reproducible changes of gene expression were detected indicating that Evf does not significantly affect the bacterial transcriptome (data not shown).
We therefore considered the possibility that evf could exert its activity directly, for example by detoxifying or neutralizing harmful molecules present in the Drosophila gut. A set of tests was developed to determine whether Evf could confer resistance or allow adaptation to hostile conditions, more specifically to reactive oxygen species (ROS), acid or alkaline stress, ethanol stress, osmotic stress, or resistance to trypsin or lysozyme treatment. Ecc15 strains behaved similarly to all reactive nitrogen and oxygen intermediates conditions independently of the presence or of the absence of evf expression (Table 1) . It is interesting to note that Ecc15 was more susceptible to paraquat, and as susceptible to H 2O2 or HOCl as P. putida that does not persist in the larval gut. These results suggest that although oxidative stress plays an important role in clearance of bacteria in the gut of adult insects (Ha et al., 2005a,b) , Evf does not act in larvae by counteracting this eradication process. Similarly, no significant differences were detected for the other types of stress (data not shown). Altogether, our results support the idea that Evf is a direct effector promoting persistence, while this effect cannot be explained simply by a protection against a chemical stress.
Nature of the activity of Evf
Ecc15 do not persist in wt Drosophila larvae and the number of bacteria after 24 h is reduced by a factor 10 3 (Basset et al., 2000) . In contrast, the number of bacteria was reduced only 10-fold in imd-deficient Drosophila lines unable to induce an antibacterial response, remaining high at a level of 10 5 and 10 6 after 24 h (Basset et al., 2000 and Fig. 4A ). This demonstrates a role for Imd pathway-dependant immune responses in the control of Ecc15. To determine whether Evf activity antagonizes early events of the host antibacterial response, we monitored the persistence of Ecc15 evf mutants in Imddeficient Drosophila larvae (Fig. 4A ). In the absence of a functional Imd pathway, evf mutants were not able to persist. This indicates that Evf does not promote persistence by directly counteracting the Imd-dependant immune response. Of note, E. coli cells lacking evf do not persist in Relish flies after oral infection (data not shown). Altogether, this indicates that Evf does not target the larval antimicrobial peptide defence.
It is generally assumed that the Drosophila gut constitutes a hostile environment unfavourable for bacterial persistence. To determine whether Evf affects persistence in this environment, we isolated the gut immediately after ingestion of bacteria synthesizing GFP, maintained them in a physiological buffer and followed the persistence of fluorescent bacteria up to 24 h. Strikingly, under these conditions, evf mutants persisted as well as bacteria expressing evf (Fig. 4B) . These results therefore indicate that elimination of bacteria requires the maintenance of the gut in the body of the larvae and may involve complex physiological properties such as peristaltic flushing.
Antagonizing the peristaltic movements or other mechanical processes eliminating ingested microbes should allow the persistence of other bacteria in trans. To test this hypothesis, we performed a set of oral infections using bacterial mixtures containing either fluorescent Ecc15 alone, fluorescent Ecc15 evf mutant alone, or Ecc15 together with fluorescent Ecc15 evf mutant bacteria (Fig. 5) . As expected, fluorescence was still detected 6 h after ingestion of Ecc15 whereas no fluorescence was detected at the same time with fluorescent evf-bacteria (Fig. 5A ). Remarkably, 6 h after ingestion, fluorescence was evident when fluorescent evf mutants were coinfected with Ecc15. These results indicate that Evf antagonizes directly or indirectly the processes responsible for bacterial eradication. Plating bacteria isolated from infected gut allowed direct counting of bacteria and confirmed observations of GFP fluorescence, because the titre of Ecc15 evf mutant bacteria was reduced by a factor 10 3 6 h post infection (Fig. 5B) , while this level remained high in the presence of evfexpressing bacteria. Similar effects of Evf on persistence in trans were obtained when Erwinia strains were substituted by E. coli strains (data not shown). Altogether, our results indicate that evf-expressing bacteria Fig. 4 . Persistence of evf mutant bacteria in Relish larvae and isolated gut preparations. A. Persistence of Ecc15 evf mutant in Relish larvae. Bacterial persistence was measured by plating appropriate dilutions of homogenates of five surface-sterilized larvae that were naturally infected with rifampicin-resistant strains of Ecc15 and Ecc15 evf mutant. Bacterial counts were obtained by plating the larval homogenates on LB agar containing 100 mg ml -1 of rifampicin. The number of colony forming units (cfu) per larva obtained at each point after infection represents the mean of three independent measurements. B. Persistence of Ecc15 evf mutants in isolated gut. Bacterial persistence was measured in isolated guts of wt larvae by plating appropriate dilutions of homogenates of five isolated guts of larvae that were naturally infected with Ecc15 pOM1-gfp, Ecc15 evf pOM1-gfp and Ecc15 evf pOM1-evf-gfp. Larvae were orally infected by bacteria, and, at 2 h post infection, the gut of larvae were dissected and incubated in Schneider medium. Bacterial counts were obtained by plating the gut homogenates collected at 2 and 6 h post infection on LB agar containing 100 mg ml -1 of spectinomycin. The number of cfu per gut obtained at each point after infection represents the mean of three independent measurements. 
Overexpression of evf promotes bacterial accumulation in the gut and induces lethality
Ecc15 bacteria carrying evf under the control of the promoter Pro3 in a pSC101 plasmid derivative ) express evf about 50 times more efficiently than wt Ecc15. Under these conditions, bacteria were able to persist for a longer period and at a higher level than wt Ecc15 (more than 10 times, Basset et al., 2003) . By using a derivative expressing gfp, we were able to visualize bacterial accumulation predominantly in the gut ( Fig. 1 and Basset et al., 2003) . To observe in greater detail the consequences of accumulating Ecc15 derivatives in the Fig. 5 . Persistence of non-infectious bacteria by evf-expressing bacteria. A. Persistence of evf mutants coinfected with bacteria expressing evf in wt larvae. Larvae were photographed at 2 h (a, b, c) and 6 h (d, e, f) post infection. (a and d) GFP expressing bacteria in larvae infected with a mixture of Ecc15 pOM1 + Ecc15 evf pOM1-GFP (b and e) larvae infected with a mixture of Ecc15 evf and Ecc15 evf carrying pOM1-gfp, and (c and f) larvae infected with a mix of Ecc15 evf pOM1-evf and Ecc15 evf pOM1-gfp. B. Bacterial counts were obtained by plating the larval homogenates of five surface-sterilized larvae that were naturally infected with the mixtures of bacteria on LB medium containing spectinomycin (100 mg ml gut, we performed histological analyses at different time points following ingestion of bacteria. Electron and optic micrographs of transversal sections of larval midguts revealed a high accumulation of bacteria in the gut lumen delimited by the peritrophic matrix (Fig. 6C) . At 2 h 30 min after infection, the mucus that protects the digestive epithelium was absent in larvae infected with Ecc15 pOM1-evf ( Fig. 6C and D) compared with the non-infected control ( Fig. 6A and B) . At time 6 h, the gut lumen was filled with bacteria that appeared in regular arrangement, the peritrophic matrix lining the epithelial cells was intact, and high quantities of cellular material seemed to be present in the space between the epithelial cells and the peritrophic matrix (Fig. 6F-H) .
The high numbers of bacteria in the gut revealed the ability of Evf to promote bacterial persistence at least in this part of the animal. To determine the effect of Evf on the outcome of an infection in other tissues, bacteria overexpressing evf were injected directly in the haemocoele of adult flies and larvae, which did not lead to apparent lethality (data not shown). These results therefore indicated that evf-conferred lethality relies on persistence in the gut.
Discussion
Evf was initially identified as a virulence factor that promotes bacterial colonization of the Drosophila gut, yet also triggers a systemic immune response. A number of reports have documented the role of insects in general and Drosophilidae in particular in the dissemination of phytopathogenic bacteria such as Erwinia carotovora (Kloepper, 1981) . The finding that evf was found only in a subset of Erwinia strains that have infectious properties towards Drosophila suggested that evf is an example of a gene that promotes survival and dissemination of bacteria in their environment. The goal of the present study was to analyse how Evf promotes colonization and persistence of bacteria inside the Drosophila larval gut. Our data show that Evf is not a toxin or a factor that antagonizes a specific host reaction of Drosophila. Rather, expression of this gene promotes the accumulation of bacteria in the anterior midgut dramatically affecting gut physiology. Interestingly, our study reveals unexpected reminiscences between the mechanisms of Evf mediated colonization of the Drosophila gut and the flea gut blockage induced by the plague agent Yersinia pestis (Hinnebusch et al., 2002) .
In most cases, Gram-negative bacteria do not persist in the gut of Drosophila, indicating that the intestine is a rather hostile environment for invading bacteria (Ha et al., 2005b) . The mechanisms involved in bacterial clearance from the gut are poorly characterized, although recent studies have pointed towards a role of antimicrobial peptides and ROS in Drosophila adults. We have recently shown that the local expression of antimicrobial peptides in the gut, but not their systemic expression by the fat body, limits the growth of the entomopathogenic bacteria P. entomophila in Drosophila (Liehl et al., 2006) . This illustrates the importance of Imd-mediated antibacterial responses in the gut against orally ingested bacteria. P. entomophila counteracts this response by secreting an zinc metalloprotease, AprA, which degrades antimicrobial peptides. A role for AprA in protection against the Imddependent immune response was supported by the observation that AprA was required to promote persistence in wt flies but was dispensable in a Relish background in which antimicrobial peptides active against Gram-negative bacteria are not produced. In contrast to the situation described above, we observed that evfdeficient bacteria did not persist in either wt or Relish mutant flies. This indicates that Evf does not provide any protection against antimicrobial peptides. This is corroborated by the observation that evf expressing bacteria did not resist against the Drosophila antimicrobial response when injected directly into the body cavity. Whereas a normal level of evf expression in Ecc15 does not induce larval lethality, overexpression on a multicopy plasmid (up to 50-fold) induces lethality within 6 h, a time frame too rapid for an efficient response involving antimicrobial peptides.
Natural gut infection has been associated with the rapid synthesis of ROS by the host, and the dynamics of ROS generation and elimination appears to be vital in Drosophila because flies that lack the capacity for ROS removal show an increased mortality after feeding with nonpathogenic bacteria (Ha et al., 2005b) . Pathogenic bacteria are known to use specific responses to resist host ROS including the expression of detoxifying enzymes such as catalase (Harris et al., 2003) . It was therefore tempting to predict a role for Evf in protection against ROS. However, in vitro assays failed to demonstrate a detoxifying activity against various chemicals including ROS or NO. The lethality induced upon infection by Ecc15 overexpressing evf was not suppressed in a fly line overexpressing a catalase (data not shown). It is interesting to note that Ecc15 bacteria do not appear to be more resistant to ROS species such as paraquat, hypochlorite or superoxide than naturally non-infectious bacteria, e.g. P. putida (C. Acosta Muniz, unpublished data).
Importantly, our observations that (i) evf mutants persisted in isolated guts equally well as wt Ecc15 and (ii) evf-expressing bacteria can exert an effect in trans on other bacteria do not support the hypothesis that Evf might be involved in the detoxification of compounds operative in gut bacterial clearance. Rather, persistence of evf mutants in isolated guts revealed that the elimination process requires the presence in situ of the gut in the Evf-promoted persistence of bacteria in Drosophila 113 Fig. 6 . evf overexpression in Ecc15 provokes a strong perturbation of the Drosophila larval gut. Transversal sections of larval anterior midguts collected at 2 h 30 min (A and D) or 6 h (B-C, E-G) after natural infection with Ecc15 evf pOM1-evf (C-G) or control (A, B) were analysed. (A, C) Semi-thin sections were observed under bright field. (B, D-G) Ultra-thin sections were observed by TEM. At 2 h 30 min and 6 h after infection, the mucus that protects the digestive epithelium was absent (compare B with D and E). At 6 h after infection, the bacteria accumulated in the gut and the peritrophic matrix is not altered (C and E-G). At this time, the epithelial cells displayed abnormal microvilli and cellular material seemed to be present in the space between the epithelial cells and the peritrophic matrix (compare D with E and F). aE, epithelial cell absence; am, abnormal microvilli; EC, epithelial cell; Er, Ecc15 evf pOM1-evf; L, lumen; m, microvilli; M, mucus; PM, peritrophic matrix. (Scale bar; A, C and G, 10 mm; B-D, 3 mm; E, F and H, 2 mm).
animal body. In addition, the effect of Evf is specific for gut persistence in larvae as no lethality was apparent after direct injection into the body cavity of bacteria overexpressing evf (our unpublished data). This indicates that Evf mediated persistence is specific to the physiology and architecture of the Drosophila larval gut.
To gather insight into the activity of Evf, we took advantage of the strong effect provoked by the 50-fold overexpression of evf. This overexpression leads to a high level of bacterial accumulation inside the gut lumen. Although still being contained by the peritrophic matrix, a disappearance of mucus at the apical side of the epithelial cells and the appearance of cellular debris between epithelial cells and the peritrophic matrix can be observed. Ultimately, death of the larvae occur within 6-12 h following ingestion. Remarkably, microscopic analyses indicated that this large accumulation of bacteria does not break the peritrophic matrix and no direct contacts are apparent between bacterial and epithelial cells. The integrity of the peritrophic matrix despite the high bacterial load corroborates our previous observations that revealed spreading of bacteria across the gut barrier only in a minor fraction of larvae (Basset et al., 2003) . We also noticed that the bacterial distribution was not random but rather seemed to follow a specific ordered arrangement that is reminiscent of an organized bacterial community such as a biofilm. Altogether, these results indicate that Evf activity may allow access of bacteria to a specific location, such as the proventriculus, by interfering locally with gut peristalsis. This colonization/proliferation hypothesis is reminiscent of the association of Y. pestis with its flea vector. Transmission of plague by fleas depends on infection of the proventriculus by a dense aggregate of Y. pestis cells organized in a biofilm that blocks normal blood feeding (Hinnebusch et al., 1996) . From this point of view, it is striking that other entomopathogens such as P. entomophila and Serratia entomophila also induce an anti-feeding reaction that perturbs the physiology of the larval gut (Hurst et al., 2000; Vodovar et al., 2005) . Together, these studies suggest that blockage of gut peristalsis, and thus food bolus movement, may be a common strategy used by entomopathogenic bacteria to circumvent elimination from the insect gut, although the molecular mechanisms may vary. Food movement through the gut is, of course, a necessary biological feature of the digestive process, yet may also be viewed as an important process for the elimination of potential pathogenic organisms. Microorganisms possessing a means to persist in the alimentary tract are thus at a natural advantage to avoid natural elimination.
In the absence of a direct functional homologue in another species or a tertiary structural protein signature, the nature of the molecular function of Evf still remains elusive. Our results indicate that Evf accumulates in the cytoplasm and its activity confers infectious properties only to Gram-negative bacteria. The ability of Evf to allow persistence in bacteria as diverse as E. coli or Pseudomonas species suggests that this protein plays a direct role in gut persistence of bacteria. It should be noted that only one similar open reading frame (ORF) can be identified in the databases upon a Psi BLAST search, which is plu2433 of the entomopathogen Photorhabdus luminescens TT01 (Duchaud et al., 2003) . Although no evidence exists to date suggesting a role of PLU2433 in virulence, it is interesting that during the natural life-cycle of P. luminescens, the bacteria exist in a symbiotic relationship within the intestine of Heterorhabditis nematodes reinforcing the notion that these proteins may be involved in specific gut interactions.
In agreement with a direct role of Evf, the absence of any effects on the E. coli transcriptome and our inability to identify a suppressor gene should be noted. The localization of the protein in the cytoplasm as well as the low transcriptional level of evf detected in Ecc15 suggests that Evf does not function as a toxin. An attractive hypothesis is that Evf may interact with other proteins endogenous to many Gram-negative bacteria resulting in a modification of the bacterial cell structure that subsequently allows bacterial persistence and the formation of aggregates. This may promote the formation of a biofilm, as our microscopic data indicate, and/or the specific attachment to a receptor within the gut, such as chitin. The host range specificity of Evf for Gram-negative bacteria and the absence of a suppressor of evf indicate that Evf mediates its effect by itself or affect an essential cellular structure conserved among these types of bacteria such as components of the cell wall. Several colonization factors have been shown to be enzymes that modify the bacterial cell envelope. An example is the pagP locus of Bordetella bronchiseptica that encodes a palmitoyl transferase that modifies lipid A as part of the adaptation of this organism required for persistent infection (Preston et al., 2003) .
Infectious strategies of several pathogenic bacteria involve the manipulation of the host immune response. Many human pathogenic bacteria species trigger excessive inflammatory reactions that damage host tissues. A specific feature of bacteria expressing evf is the induction of both local and systemic host immune responses. The mechanisms that link Evf to immune activation are not yet fully understood. However, recent studies suggest that this effect may be a consequence of bacterial colonization rather than a direct effect of Evf per se. In support of this hypothesis, neither ingestion nor injection of pure Evf protein has an effect on host viability or the immune response (data not shown). We and others have also recently shown that peptidoglycan recognition proteins (PGRPs) with amidase activity degrade the peptidoglycan of Gram-negative bacteria and prevent the host immune response of flies to the presence of ingested bacteria in the gut (Bischoff et al., 2006; Zaidman-Rémy et al., 2006) . This activity might be a natural host mechanism allowing the establishment of a tolerance threshold level of bacteria in the gut, presumably present in natural ingested food, thereby avoiding over-stimulation of the immune response under normal conditions. Moreover, it was also proposed that the systemic immune response induced by persistent and infectious bacteria such as Ecc15 is mediated by the translocation of small peptidoglycan fragments from the gut lumen to the haemolymph. Our data are compatible with a model in which bacterial persistence in the gut leads to a local increase of the peptidoglycan concentration that exceeds the host tolerance level and results in stimulation of the immune system. This is consistent with our observation that Evf does not promote crossing of the gut barrier by bacteria. As peptidoglycan is expected to be able to cross the peritrophic matrix, it remains intriguing that high titres of ingested Gramnegative bacteria like E. coli do not induce the immune response although high numbers of bacteria are still present in the gut several hours after ingestion. The paradoxical absence of immune response activation despite the presence of high numbers of cells at early time points after ingestion indicates that triggering of the immune response by infectious bacteria such as Ecc15 either requires bacterial proliferation and detection of de novo synthesized peptidoglycan compounds or alternatively depends on detection of peptidoglycan molecules in a specific compartment of the gut.
Further work will be necessary to identify the exact biological activity of Evf and to determine whether gut tissues in Drosophila constitute the site of initial bacterial colonization and which are the cell types involved in bacterial recognition.
Experimental procedures
Drosophila stocks
Oregon R (Or R ) flies were used as a standard wt strain. Relish E20 flies carry a null mutation in Relish that encodes the transactivator regulated by the Imd pathway (Hedengren et al., 1999) . Drosophila stocks were maintained at 25°C.
Bacterial strains
The strains used in this study are listed in Table 2 . Bacteria were cultured in Lennox medium with the appropriate antibiotics (100 mg ml -1 rifampicin; 100 mg ml -1 ampicillin; 300 mg ml -1 carbenicillin; kanamycin 50 mg ml -1 and 100 mg ml -1 spectinomycin). The rifampicin-resistant Ecc15, Ecc15 derivatives and Pseudomonas were grown at 29°C. E. coli strains were grown at 37°C if not otherwise indicated.
Chemicals
Analytical grade H2O2, paraquat and NaClO, were purchased from Sigma. Diethylenetriamine (DETA) NONOate (Ϯ)-S-Nitroso- Manoil and Beckwith (1985) N-acetylpenicillamine (SNAP), S-Nitrosoglutathione (GSNO), SIN-1 Hydrochloride and Spermine NONOate were a kind gift from Jean-Claude Drapier (Institut de Chimie des Substances Naturelles, CNRS, Gif-sur-Yvette) and purchased from Calbiochem.
Drosophila natural bacterial infection
Approximately 200 third-instar larvae were placed in a 2 ml tube containing 200 ml of concentrated bacteria pellet (OD600 = 200) from an overnight culture and 400 ml of crushed banana. The larva, bacteria and banana were thoroughly mixed in the microfuge tube; the tube was closed with a foam plug, incubated at room temperature for 30 min, and the mix was then transferred to a standard corn-meal fly medium and incubated at 29°C. For bacterial counting experiments, the infected larvae were first rinsed in water and transferred to a fresh fly medium at 2 h after infection. Counting procedures were performed with larvae rinsed in water and dipped in 70% ethanol (three times for 5 s) for external sterilization and then homogenized and spread onto Luria-Bertani (LB) plates containing the required antibiotic at each different time point. For bacterial counting in isolated guts, larvae were dissected 2 h after infection in Drosophila Schneider medium after ethanol sterilization, and the guts were placed in Schneider medium with 10% bovine serum, homogenized and spread onto LB plates containing antibiotics at each time point. Bacterial injections of adults were performed by pricking adults in the thorax with a thin needle previously dipped into a concentrated pellet of a bacterial culture (OD600 = 200).
Transmission electron microscopy (TEM)
Infected Drosophila larvae were dissected in Schneider medium, and the guts were immediately fixed with 2.5% glutaraldehyde, 1% paraformaldehyde, 1% potassium ferrocianide solution in 0.1 M cacodylate buffer, pH 7.4, for 80 min at room temperature. Dehydration of the guts was performed in an ascending series of ethanol concentrations, and then the samples were embedded in Epon 812. The guts were cut at 0.5 mm semi-thin sections for light microscopy or 60 nm ultra-thin sections for TEM with a Leica Ultramicrotome. Semi-thin sections were stained with methylene blue and Azur II and observed under an Axiophot Zeiss microscope. Ultra-thin sections were contrasted with uranyl acetate and lead citrate and observed with a Philips 208 electron microscope.
Microscopic observations of larvae
Live larvae infected with GFP expressing bacteria were anesthetized on ice and viewed under epifluorescent illumination (excitation filter 480/40 nm; dichroic filter 505 nm; emission filter 510 nm) with a Leica (Heerburg, Switzerland) MZFLIII dissecting microscope. Images were recorded with a charge-coupled device camera (Nikon).
Midgut organs cultures
Midguts were isolated from infected Drosophila and incubated in Schneider Drosophila Medium (Gibco) supplemented with 10% fetal bovine serum (Biomedia).
fragment was ligated in the pHK11-Amp (Rossignol et al., 2002) digested with EcoRI and HindIII. The PR promoter was cloned as a double strand oligonucleotide in the pHK11-evf digested with EcoRI and PstI. The lacZ gene was obtained from pOM3 digested with SalI, filled in with Klenow fragment and digested with HindIII. lacZ was subsequently cloned in the pHK11-PR-evf digested with NcoI, filled in by Klenow fragment and digested with HindIII. For integration of PR-evf-lacZ operon in the E. coli chromosome, we used the system which allows the insertion of DNA by site-specific integration into the bacteriophage HK022 bacterial attachment site (Rossignol et al., 2002) .
Random mutagenesis of the ' E. coli pR-evf-lacZ'
For the construction of mutants we used a mini-Tn10 based transposon NKBOR as described previously (Rossignol et al., 2001) .
Transcriptome analysis of E. coli strains carrying pOM1 and pOM1-evf
Total RNAs of strains containing pOM1 and pOM1-evf were extracted from exponential cultures as described before . cDNAs produced from total RNA isolated from E. coli MG1655 DlacIZ carrying pOM1 or pOM1-evf strains were Cy-3 and Cy-5 labelled respectively, and hybridized on E. coli DNA chips carrying the complete set of E. coli ORFs. DNA chips were prepared in the Gif/Orsay DNA Microarray Platform (GODMAP).
b-Galactosidase and alkaline phosphatase assays
b-Galactosidase and alkaline phosphatase activities were measured in permeabilized cells as described previously (Miller, 1992; Manoil, 2000) . b-Galactosidase and alkaline phosphatase assays were performed in triplicate.
